Toxicity of two azo dyes (Reactive Orange 16 (RO16); Congo Red (CR)) and two anthraquinone dyes (Remazol Brilliant Blue R (RBBR); Disperse Blue 3 (DB3)) were compared using bacterium Vibrio fischeri, microalga Selenastrum capricornutum and ciliate Tetrahymena pyriformis. The following respective endpoints were involved: acute toxicity measured as bacterial luminescence inhibition, algal growth inhibition, and the effects on the protozoa including viability, growth inhibition, grazing effect and morphometric effects. In addition, mutagenicity of the dyes was determined using Ames test with bacterium Salmonella typhimurium His À . DB3 dye was the most toxic of all dyes in the bacterial, algal and protozoan tests. In contrast to other dyes, DB3 exhibited mutagenic effects after metabolic activation in vitro in all S. typhimurium strains used. Of the methods applied, the algal test was the most sensitive to evaluate toxicity of the dyes tested.
Introduction
Dye production includes thousands of marketed organic colorants used for coloration of textiles, paper, leather, plastics and in specialized applications such as food, drug, cosmetic and photochemical productions (Zollinger, 1987) . Azo dyes, widely used in textile industry, represent the largest and most versatile group whose share in industrial application amounts to some 70% of all dyestuffs consumed (Ollgaard et al., 1998) . Anthraquinone dyes are used for coloration of cotton and cellulose fibres as well as of hydrophobic, synthetic materials (Kirk and Othmer, 1993) . During textile processing, as much as 2-50% of the dyestuff applied may be lost to the wastewater ultimately released into the environment (OÕNeill et al., 1999) .
Acute toxicity of azo dyes measured by the EU criteria for classification of dangerous substances is rather 0045-6535/$ -see front matter Ó 2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.chemosphere. 2005.10.002 low, amounting to LD50 values of 250-2000 mg per kg body weight (Clarke and Anliker, 1980) . However, their degradation products and impurities include aromatic amines that are compounds of concern due to their potential carcinogenicity. Some acid, basic and direct azo dyes have been classified as acute toxic to toxic to fish, crustaceans, algae and bacteria, whereas reactive azo dyes have very high effective concentration (EC levels > 100 mg l À1 ) and thus are not considered to be toxic to aquatic organisms. Non-ionic azo dyes are generally classified as toxic and potentially toxic (Ollgaard et al., 1998) . Algae are sensitive to dyes but the inhibitory effect is often related to light inhibition at high dye concentrations rather than a direct inhibitory effect of the dyes (Cleuvers et al., 2002) .
Much less information is available on toxicity of anthraquinone dyes. Pigment Red 177 classified as an anthraquinone pigment, widely used for coloration of plastics and industrial paints, has been mentioned as not being acutely toxic by the oral route. Its LD50 value exceeded 5000 mg kg À1 (Eurocolour, ETAD, VdMi, 2002) .
Correlation between the results of mutagenicity tests and carcinogenicity of azo dyes shown in animal experiments is rather poor. Majority of azo dyes require metabolic activation, namely reduction and cleavage of the azo bond to aromatic amines, to exhibit mutagenicity in in vitro test systems (Arcos and Argus, 1974; Chung, 1983) . On the other hand, the correlation between exposure to aromatic amines and human cancer has been well established and documented to be a typical occupational risk (Cartwright, 1983) . Mutagenic effect of some textile anthraquinone dyes has been measured using Ames test (Tamaro et al., 1975) . Similarly, a carcinogenic effect of the anthraquinone derivative Disperse Blue 1, an agent causing induction of rat bladder tumors, was reported. This compound was also found to be mutagenic in bacteria and thus the possibility of a genotoxic mechanism of cancer induction cannot be excluded (Atkins, 2000) .
Reduced exploitation of experimental animals, low cost and rapid performance are the benefits that have made the in vitro toxicity techniques employing microorganisms increasingly used (Olabarrieta et al., 2001; Repetto et al., 2001) . Bioluminescence assay with Vibrio fischeri has become broadly used as a fast and reliable preliminary test for risk assessment (Bitton and Koopman, 1992) . Selenastrum capricornutum, a most often used algal species, has been found to be sensitive to metals, herbicides and a number of organic chemicals (OECD, 1984; Janssen et al., 2000) . This organism is considered to be more sensitive than other standard test organisms to many common compounds (Geis et al., 2000) . The potential of ciliates in standard toxicity assays has been demonstrated in aquatic environments (Pauli et al., 1993) . Tetrahymena pyriformis is a commonly used ciliated protist with various applicable endpoints (Sauvant et al., 1999) A battery of representative toxicological tests including morphological and physiological assays were used to provide complementary information for cytotoxicity on the ciliate T. pyriformis (Dias et al., 2003) . Ames test with Salmonella typhimurium has been widely used for studying genotoxicity of liquid waste, contaminated soil, sewage sludge and sediments (e.g. Donelly et al., 1991; Malachová, 1999) .
The work shows a comparative assessment of toxic effects of two azo-and two anthraquinone dyes using the kinetic modification of the bioluminescence assay with V. fischeri (Lappalainen et al., 1999) , S. capricornutum test (OECD, 1984) and various T. pyriformis assays (Dias et al., 2003) including a number of different endpoints. The aim was to compare the sensitivity of the individual tests and demonstrate their applicability to the estimation of toxicity of representatives of two major groups of textile dyes. In parallel, genetic toxicity of the dyes was determined using Ames test with and without metabolic activation. The implications for construction of test batteries for the determination of toxicity of industrial dyes and the issuing environmental risks are discussed.
Materials and methods

Toxicity tests
Kinetic bioluminescence test ''flash test''. Flash test is a kinetic application of luminescent bacteria test especially tailored for measuring the toxicity of solid and coloured samples (Lappalainen et al., 1999 (Lappalainen et al., , 2001 ). Measurement was based on BioTox TM kit (Aboatox Oy, Finland) utilizing the bacterium V. fischeri. Kinetic measurement was performed with a 1251 Luminometer (Bio-Orbit, Turku, Finland) at 20°C according to Lappalainen et al. (1999) . The exposure times were 30 s and 30 min, and the peak luminescence value was obtained during the first 5 s after adding the bacterial suspension to the sample. The tested concentrations amounted to 500-5000 mg l À1 with RO16, 625-2500 mg l À1 with CR, 125-2000 mg l À1 with RBBR, and 62.5-1000 mg l
À1
with DB3. The results were calculated as the inhibition % of light production and expressed using the corresponding EC50 values according to Lappalainen et al. (2001) . Algal test. A standard algal toxicity test (OECD, 1984) on microplates was carried out according to Blaise (1986) . The strain S. capricornutum PRINTZ was obtained from IFA Tulln, Austria. The algal inoculum was cultivated in an incubation chamber (4000 lx, light/dark cycle 13/11 h, 24 ± 2°C, ATCC No. 625 medium) for four d. Sterile 96-well microtiter plates covered with lids were used to contain (per well): 50· diluted ATCC No. 625 medium (5 ll), sample (205 ll) algal inoculum (10 ll, initial concentration in the well 1 · 10 4 cells ml
). Distilled water was used as the control. Microplates were incubated in a light chamber and the number of cells counted after 96-h exposure in a light microscope. Each sample was evaluated using 18 replicates and EC50 values were calculated (means ± confidence interval). Test validity was checked using K 2 Cr 2 O 7 , the EC50 values were in the range of 0.2-0.75 mg l À1 . Protozoan tests. All toxicological assays performed with T. pyriformis followed the culture conditions described elsewhere (Dias and Lima, 2002; Dias et al., 2003) . Exponentially growing cells were used for inoculation of the individual tests (initial density 1 · 10 4 cells ml À1 ). All dyes were used at a concentration of 500 mg l À1 and were filtered (pore size 0.45 lm) before adding to the cells. Untreated cells were used as the control in all experiments. Protozoan cells were incubated with the dyes in 2-ml Eppendorf tubes (working volume 1.5 ml). Samples were removed after a 24-h exposure to check for the toxicity effect. The population growth impairment and generation time determination, grazing assay, and morphometric analysis (cell area and cell width/length (W/L) ratio) were all performed following a procedure described by Dias et al. (2003) .
Genetic toxicity test. Standard, quantitative Ames test using variants with and without in vitro metabolic activation with S9 liver microsomal fraction including a cofactor mixture was used. Auxotrophic strains S. typhimurium His À TA100 and YG1042 were used for the detection of substitute mutations and the strains TA98 and YG1041 for the detection of shift mutations. The mutagenic activity was expressed as a number of revertant colonies (R t ) related to the total number of colonies in the control sample (R c ). The increase in the number of revertants was related to the control. The SALM software was used to interpret the results (Margolin et al., 1989; Broekhoven and Nestmann, 1991) . The results were compared using the mutagenicity index IM = R t /R c whose twofold increase was considered to be significant (Ames et al., 1975; Maron and Ames, 1983) . The mutation potential was expressed by a linear relationship between the dose and the effect (IM/c). The mutagenicity assessment included at least three replicates where each concentration was represented by two plates. A range including a minimum of five concentrations of the toxicant was used in each test. The results were evaluated using statistical methods to calculate the standard deviation and variation.
Chemicals
Reactive Orange 16 (RO16) (C.I. 17757, monoazo dye), Congo Red (CR) (Direct Red 28, C.I. 22120, disazo dye), Remazol Brilliant Blue R (RBBR) (Reactive Blue 19, C.I. 61200, anthraquinone dye) and Disperse Blue 3 (DB3) (C.I. 61505, anthraquinone dye) were purchased from Sigma-Aldrich, Germany (cf. Fig. 1 ). If needed, the dyes were sterilized by filtration. Other chemicals were of analytic grade.
Results
Ecotoxicity tests
The ''flash'' bioluminescence test was applicable to the determination of acute toxicity of dark coloured dye solutions. However, the sensitivity to the dyes was low, especially in the case of azo dyes ( , respectively. The test organism V. fischeri showed two types of response in light inhibition, depending on the tested dye. In the case of DB3 and RO16 dyes, there was practically no difference between the inhibition values observed after 30 s and 30 min after application of the toxicant. In contrast, the other two dyes exhibited much higher inhibition after 30 min, probably due to a time period necessary for the toxicant to enter the cell and built up an efficient concentration there.
The algal toxicity test was more sensitive to the dyes, compared to the flash test, with DB3 being the most toxic and RBBR the least toxic of the dyes studied (Table 1 ). The EC50 value of DB3 of 0.5 ± 0.0 mg l À1 was comparable to that of the standard toxicant K 2 Cr 2 O 7 (EC50 = 0.3 ± 0.1 mg l À1 ), the EC50 concentrations of the two azo dyes were about tenfold ( Table 1) .
The results of protozoan tests using 24-h exposure time are summarized in Table 2 . The exposure to DB3 increased the mean generation time by about 4 h, whereas RO16, RBBR and CR exhibited no measurable effect. CR and DB3 were able to significantly change the cell area value and W/L ratio, respectively. A decrease in the ingestion capability (grazing) of T. pyriformis was found in all treated cultures except for RO16. The greatest effect was observed with DB3, where microsphere ingestion was reduced by 70%, compared to the control.
Ames test
In all tests with and without S9 activation, the dye samples were tested at a dye concentration range of 50-400 lg per agar plate, except for the dye DB3. In the case of DB3, where the mutagenic effect was already identified at a dye concentration of 50 lg per agar plate, the detection of mutagenicity was carried out in a broader concentration range of 15-520 lg per agar plate, to cover the whole range of linear relationship between the toxicant concentration and the mutagenic effect. A most variable mutagenic effect was detected in the case of RO16 where mutagenicity was observed without metabolic activation in the case of TA98 strain and with metabolic activation in the case of TA98 and TA100 strains (Table 3 ). DB3 exhibited a toxic effect only after metabolic activation (Table 3) . Using DB3 dye, a twofold increase of revertant numbers per plate using the TA98 strain at 50 lg dye per plate was observed, whereas 17-fold and 15-fold increases per plate were observed with the strains YG1041 and YG1042, respectively, at a low concentration of 15 lg dye per plate. YG strains were specially developed to detect the mutagenicity of nitroarene compounds and aromatic amines (Hagiwara et al., 1993) . RBBR exhibited a potential mutagenic effect, i.e. in dependence on the dye concentration only a smaller than twofold increase in the number of revertants of the indicator strains TA100 and TA98 was measured but a linear relationship between the toxicant concentration and the effect was observed (Table 3) .
Discussion
Toxicity of dyes. In spite of different sensitivities of the tests used, the non-reactive, anthraquinone dye DB3 was found to be the most toxic of all dye compounds involved in the study. The corresponding EC50 value detected with V. fischeri was more than 500-fold compared to the alga S. capricornutum. The measured toxicity of DB3 by far exceeded the toxicity of common reactive textile dyes (Heinfling et al., 1997; Wang et al., 2002) . A significantly higher toxicity of DB3, compared to the other dyes, was also demonstrated in the growth inhibition-, morphometric-and grazing tests with T. pyriformis and the growth inhibition test with S. capricornutum. The toxic effects on growth and food ingestion by T. pyriformis were very significant as generation time was prolonged almost twofold and the ingestion rate decreased by 70%. Morphometric analysis is suitable to follow the effect of lytic agents that alter cell shape (Dias et al., 2003) . The observed W/L ratio increase suggested a rounding off effect on the cells in the presence of DB3 (Kovács et al., 1999) . Nevertheless, DB3 did not seem to be a good lytic agent, since less than 10% of red (non-viable) cells were found after a 24-h exposure.
Sensitivity and expedience of tests. The growth inhibition test with S. capricornutum was much more sensitive than the other tests applied. With the algal test, no problems were encountered in measuring EC50 values, in contrast to the traditional, bacterial luminescence test assay (Dodard et al., 1999; Wang et al., 2002) . The toxic effects were observed in similar ranges of dye concentrations in the flash luminescence test and protozoan tests, in spite of different endpoints involved. Compared to other compounds, the dyes used were not very efficient in inhibiting luminescence (cf. e.g. El-Alawi et al., Table 2 Effect of dye toxicity on generation time, viability, ingestion rate and cell morphology in Tetrahymena pyriformis using 24-h exposure time Each value is the mean of two independent assays ± standard deviation. b Indicates significant differences from control values (P < 0.01). 
Positive effect (+), linear relationship between toxicant concentration and mutagenic effect, more than twofold increase of the number of revertants compared to the control without toxicant; potential mutagenic effect (PM), linear relationship between toxicant concentration and mutagenic effect, less than twofold increase of the number of revertants compared to the control without toxicant; negative effect (À), non-existence of linear relationship between toxicant concentration and mutagenic effect, no increase of the number of revertants compared to the control without toxicant. a The numbers indicate the value of mutation potential.
2002; Peinado et al., 2002) . The effective dye concentrations exceeded those normally encountered in textileindustry environmental pollution (Gonçalves et al., 2000) . Due to its simplicity and rapidity, the flash test was suitable for determination of toxicity of dye compounds, but its use for toxicity evaluation of dyecontaining diluted effluents could be limited because of the low sensitivity to these compounds. T. pyriformis was found to be a suitable organism for testing biological toxicity of synthetic dyes. Though not as sensitive as S. capricornutum, it clearly demonstrated a higher toxicity of DB3, compared to the other dyes, using different endpoints. In contrast, a tenfold difference in toxicity between RBBR and the azo dyes, observed with the algal test, could not be distinguished with any of the T. pyriformis assays. Nor was such a difference indicated by the flash bioluminescence test, where, in contrast, the toxicity of the two azo dyes was significantly lower than that of RBBR. Such differences between the tests probably result from various endpoints involved and reflect different biological complexity of the individual organisms.
Mutagenicity of dyes. RO16 as the only dye tested exhibited mutagenic effects in both the presence and absence of metabolic activation, which indicated that both substitution and frameshift mutations were induced by the compound acting like a direct and indirect mutagen. DB3 showing a mutagenic effect only after the metabolic activation can also be classified as a frameshift mutagen. The positive responses of YG1041 and YG1042 strains observed with the latter dye may have resulted from the presence of methyl and hydroxy ethyl groups in para (b) position. The negative results obtained with RBBR and CR could be explained by the presence of sulfonic groups in the dye molecule that can decrease the mutagenic effect (Møller and Wallin, 2000) . The fact that mutagenic derivatives could be formed as a result of metabolic conversion indicated that these compounds might represent a health risk for higher organisms including man which had so far been documented for some azo dyes (Møller and Wallin, 2000; Moawad et al., 2003) .
The results demonstrate that comparative use of various tests in batteries employing various organisms of different biological complexity is an efficient approach to address the problem of assessment of general toxicity of xenobiotics in risk assessment studies.
